Abstract--To help machine designers to design large permanent magnet (PM) machines to be more accurate, this paper presents a set of design considerations that are very often ignored by machine designers. These considerations are categorized into several aspects: electromagnetic (EM) performance, losses and efficiency, fault and stability, and some other issues. The effects of various practical factors are presented and some corresponding design methods are introduced.
I. INTRODUCTION
In recent years, large permanent magnet (PM) machines are widely used in various fields including wind power, ship propulsion, railway traction, etc. [1] [2] [3] [4] [5] . As the single-machine capacity increases, design problems of PM machines are more and more important.
When a PM machine is built and tested, it is often found that the test results do not match predictions well. Designers often go back to look for reasons to explain the differences. This paper will present a set of practical design considerations gained from industrial application experiences. These considerations are some design rules that should be considered during design phase, but are often ignored by many machine designers. They are categorized into several aspects: electromagnetic (EM) performance, loss and efficiency, fault and stability, etc. The causes and effects of some issues will be analyzed in following sections. And some solutions are suggested to prevent design errors.
II. EM PERFORMANCE CONSIDERATIONS
The EM performance of large PM machines is closely related to many factors. Even small changes in structure dimensions, material properties, or operating conditions can cause remarkable differences in the resulting performance of machines.
A. Magnet Installation
To install the PM material into the laminated rotor, installation space will be larger than the magnet's size. This is because laminations are not uniform and installation surfaces will be concave-convex, as shown in Fig.1 . The space between the magnet and the lamination surface is filled with glue. In some large surface-mounted PM machines, PM materials may be restrained into shallow slots of the laminated rotor. The magnet slots will lead to nonuniform permeance distribution along the airgap periphery (Fig.2) . Due to the aforementioned installation issues, equivalent airgap length and magnet leakage flux will be different from ideal conditions. 
B. Magnet Flux Losses
The residual induction of the magnet will have a small percentage of irreversible loss after its first use, which is called magnet flux initial loss. The flux provided by the magnet will also have aging loss -as time goes by, the magnet remanence will slowly decrease further. Fig.3 is a schematic plot of magnet flux loss vs time curve. The magnet flux reduction rate depends on many factors including magnet material type, operating point and temperature. The magnet flux losses will result in the machine back EMF reduction, and further the machine torque and power reduction [6] [7] [8] . To avoid such a performance decline, designers should refer to detailed magnet material data sheets and make complete estimations. 
C. End Winding and End Connection
The dimensions of end windings have a significant influence on winding resistance and winding inductance. For different winding configurations, there are different end winding shapes.
In large PM machines with lap windings, form wound windings are generally used. The shape of a coil of form wound winding is shown in Fig.4 .a. Some literatures have provided solutions on the calculations of end winding inductance [9] [10] . In large PM machines with concentrated windings, i.e. one coil wound around one tooth, track-shape winding is often used (Fig.4.b) . It should be noted that every copper bar will have a straight extension part at each end of the lamination stack. Insufficient considerations of any part of end windings will cause EM performance error. End connection should be properly designed and calculated so that coils can be connected in limited space and enough mechanical strength should be guaranteed. The end connection portion also contributes to copper loss. Short end connections structures help reduce copper loss.
D. Non-ideal Airgap
Manufacturing tolerance, installation error, and operation condition may lead to eccentricity, i.e. the centers of the stator and the rotor do not coincide [11] [12] [13] . As a result, part of the machine's airgap is relatively big and part of the machine's airgap is relatively small, as shown in Fig.5 . Eccentricity up to 10% of the airgap length is often considered normal for most machines. The airgap flux density is greatly influenced by the non-ideal airgap since it is inverse proportional to airgap length. In the thinner part of the airgap, flux density will be higher.
The tangential force and radial force imposed on stator teeth and rotor poles are determined by [14] 
where T t and T n are tangential and radial component of electromagnetic force density, and B t and B n are tangential and radial component of airgap flux density, respectively. The mechanical strength of these structures should be able to endure the increased forces. Except mechanical issues, non-ideal airgap will give rise to asymmetrical back electromagnetic force (EMF) and net radial force. This will cause additional vibration and noise problems. One method to offset eccentricity effect is to make proper design of parallel circuit connections by following design rules below:
1) The number of parallel circuits is even; 2) Opposite coils (180° out of mechanical angle) are in parallel. For a PM motor, the coils facing the thinner part of the airgap will induce higher back EMFs and resultantly lower currents. While the coils facing the thicker part of the airgap will induce lower back EMFs and resultantly higher currents. High currents correspond to large EM force. Therefore the net radial force will tend to offset the eccentricity effect.
E. Magnet Segments and Core Laminations
In large PM machines, magnets may be axially and/or circumferentially segmented for the ease of manufacturing, as shown in Fig.6 . Between each of the segments, there are small installation gaps. The flux per pole is reduced by these gaps. Therefore, the effective length and width of the pole is smaller than the ideal case.
It is well known that to reduce iron losses, stator and rotor cores are generally made of laminations of silicon steel. The stack factor of laminations is generally in the range of 0.95-0.98. In the core part of the machine, only 0.95-0.98 of the lamination length is employed since the flux will only go in the iron material instead of the air gaps between the laminations. Equivalently, the magnetic reluctance becomes larger considering this effect. In finite-element analysis, this effect can be taken into account by modifying the material's B-H curve with the stack factor. 
F. Slot Fill Factor
In the design process of small machines with random wound coils, slot fill factor must be estimated. In large PM machines, however, copper area and slot fill factor should be calculated and verified, not just estimated. 
III. LOSS AND EFFICIENCY CONSIDERATIONS
Copper loss and iron losses of large PM machines may be larger than calculated values due to some reasons. In addition, machine's supporting structures like bearing and frame could cause losses, which designers do not pay much attention. Total losses in the machine determine the efficiency of the machine. Furthermore, loss distribution is very important in thermal analysis. Therefore, precise calculation of losses is very essential in PM machine design.
A. Copper Shape
In the manufacturing process, copper bars will be stretched and become thinner. The actual shape of the cross-sectional area of a copper bar is a rectangle with round corners, as shown in Fig.8 . Due to these issues, the resistance of conductors and copper loss are increased than ideally ones. 
B. Harmonic Current Loss
In conventional machines, back EMF and currents are sinusoidal. Copper loss and iron losses can be calculated using RMS value of currents. In PM machines, however, sinusoidal currents are produced by chopping of power electronics device. Some harmonics are induced into the current. First, the harmonic currents will produce additional copper loss. Copper loss considering harmonic currents is determined by Second, harmonic currents produce a series of electromagnetic fields rotating at high speed. These highfrequency alternating fields will add significant hysteresis loss and eddy current loss in both the stator and rotor cores [15] [16] [17] .
C. Copper AC Loss
Copper bars in open or half-closed slots are subject to AC loss. When flux enters stator iron teeth from the airgap, some of the flux may penetrate into the slot and enter the iron tooth from sideways. Besides, slot leakage flux will cross the slot area as well. The airgap penetration flux and slot leakage flux are shown in Fig.9 . The flux distributions in each copper bars lead to uneven current distributions. This increases the winding resistances equivalently and adds to AC losses [9] .
The AC losses will not only reduce efficiency but also cause partial overheating and insulation damage. One effective way to reduce AC losses is to increase conductor numbers per turn. 
D. Other Losses
PM machines are a type of rotating machinery, windage loss and bearing loss should not be neglected. These losses are positively correlated to the rotating speed. Some literatures provide detailed analysis on these topics [18] [19] [20] [21] .
Besides, alternating fields will induce currents and losses in machine's supporting structures such as the bearing, core stud, end plate, frame, etc. Other loss sources are copper loss in the end connection rings, and cables to the terminal box.
IV. FAULT AND RELIABILITY CONSIDERATIONS PM machines will not always operate at normal conditions. When faults happen, machines will endure more severe conditions such as overcurrent and overvoltage. The fault risks have to be carefully estimated, and mitigation plans should be well-prepared so that machines will recover from faults.
A common kind of fault is short circuit (SC) faults. There are different types of short circuit faults, including 3 phase SC fault, 2 phase SC fault, 2 phase to ground SC fault, single phase SC fault, turn to turn SC fault, etc. [22] [23] [24] [25] [26] [27] . For different machine topologies, the severities of faults may be different. For example, it is shown [23] that in interior PM machines, single-phase asymmetrical short circuit faults produce more severe fault responses with high pulsating torque and a significant threat of rotor demagnetization. For the same fault type, the operating condition before the fault, i.e. open circuit or rated load, will influence the transient response of SC faults as well. The instant when a fault happens is also a key factor that decides the severity of the fault. For example, in single phase SC fault from open circuit, the SC current could be the largest if the fault happens when the phase voltage crosses zero.
To evaluate the danger of different types of short circuit faults, not only currents and voltages should be predicted, but also radial and tangential forces on teeth and pole faces should be calculated [28] [29] . During short circuit faults, forces will be much greater than normal conditions and the mechanical structure may be destroyed under the reinforced force.
Another danger under short circuit faults is irreversible demagnetization [30] [31] [32] . The most effective method to evaluate the risk of demagnetization is the Finite Element (FE) method. First, perform short circuit faults in FE model, and then calculate the radial component of flux density in every magnet pole. If the flux density in some areas is below knee point of the material's B-H curve, the area will be demagnetized. If the area is too big, the machine will not be able to recover from the fault because the magnets cannot provide as much flux as original.
V. OTHER CONSIDERATIONS

A. Thermal and Cooling
Over time, cooling performance would reduce due to factors such as dust and mechanical wear. Temperature may be higher than predicted and cause a series of problems. Therefore, in thermal analysis, the aging effect should be taken into consideration.
B. Cost
To minimize the total cost, producibility, shipping cost, labor cost and structural material cost should be considered along with active material cost.
VI. CONCLUSIONS
The difference between designs and real machines comes from accumulation of small design errors due to various factors. It is important for designers to take as many as these factors into consideration before a large PM machine is built. A set of practical design considerations related to EM performance, loss and efficiency, fault tolerance, reliability, producibility, etc. have been presented and discussed here. They can help machine designers to narrow down the gap between design predictions and test results and build large PM machines with expected performance and high reliability.
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